The variable conductance of postsynaptic membrane of neuron dependence on the neurotransmitterreceptor binding activity is represented by ion sensitive field effect transistor (ISFET). ISFET functions not only as a voltage controlled conductance but can also be converted into an enzyme modified field effect transistor (ENFET) and therefore can provide a means of measurement of specific neurotransmitters that bind with the receptor sites of postsynaptic membrane. This analog is incorporated into the Hodgkin-Huxley (H-H) model of neuron to substitute the variable Na + and Cl -conductances. Simulation is performed in MATLAB environment both for excitatory and inhibitory states and results are presented.
I. Introduction
Modeling of neuron has played an important role in the field of biomedical engineering and neurology for simulation of receptor function and electrical activity of the postsynaptic neuron.
The primary mode of communication between two neurons is a biochemical process that occurs at synapse. Synapse is essentially a junction called synaptic cleft between two neurons namely presynaptic and postsynaptic neurons. Signal from presynaptic neuron to postsynaptic neuron is transmitted through neurotransmitters released by presynaptic neuron into the synaptic cleft.
Neurotransmitters diffuse through the cleft and then bind with the specific receptor sites of the membrane of postsynaptic neuron. This binding mechanism initiates the opening of transmitter gated ion channels resulting in to flow of ions into the cell or out of the post synaptic cell.
The membrane of post synaptic neuron has two types of ion channels -excitatory and inhibitory. The excitatory channels are those which are specific to sodium ions and inhibitory channels are those which are specific to Chloride ions. The flow of Sodium ions into the cell causes a membrane potential called excitatory postsynaptic membrane potential (EPSP) whereas the flow of Chloride ions causes an inhibitory postsynaptic membrane potential (IPSP).
Many electronic circuits have been developed in the past to reproduce the behavior of nerve axons [1] - [5] . A very good account of this type of modeling is reviewed by Harmon et al [6] and Lewis [7] . But among these models, neuroscientists have so far utilized HodgkinHuxley (H-H) model as a circuit analog of the axonal membrane. The H-H equations are simple and elegant tool, capable of explaining the activity of neuron with the help of variable permeability of membrane for different ions, e.g., sodium, potassium, chloride etc. But this model has not explained the function of synapses on which the variable permeability of postsynaptic membrane arises. In this work, an analog circuit model has been developed to simulate the function of neurotransmitter gated ion channels of postsynaptic membrane at the synaptic cleft. Simulation is performed in MATLAB environment both for excitatory and inhibitory actions of synapses.
II. Hodgkin-Huxley Membrane Model
Hodgkin and Huxley (H-H) have conducted a series of experiments to study in great detail the properties of postsynaptic membrane. From these experimental results, they have proposed an equivalent circuit to account for the resistive and capacitive properties of a patch of membrane [8] . This circuit is known as Hodgkin and Huxley (H-H) model, which is shown in Fig. 1 
If V m be the postsynaptic membrane potential established by the ionic and capacitive membrane current then application of Kirchhoff's Current Law (KCL) yields-
Equations (1) and (2) are called H-H equations which can be used to explain the activity of neuron.
III. Modeling Theory of Neurotransmitter Gated Ion channels
The communication between two neurons is one directional communication. The function of postsynaptic neuron may, therefore, be considered to be an input to the next neuron. Modeling of neuron is, therefore, performed for postsynaptic neuron.
The postsynaptic membrane consists of a lipid bilayer and transmembrane protein ion channels. Some ion channels such as sodium, chloride etc. are controlled by the neurotransmitters that bind with the receptor sites, i.e. the amount of ionic current is dependent upon the activity of the transmitter-receptor binding. In simplest case, the binding reaction may be represented as
Where k 1 and k 2 are the forward and backward rate constants respectively. The transmitter gated channels, therefore, have variable conductance dependence on the binding activity of neurotransmitters.
Ion Sensitive Field Effect Transistor (ISFET) is in fact a Metal Oxide Semiconductor Field
Effect Transistor (MOSFET) in which metal gate is replaced by a complex structure sensitive to hydrogen ion concentration. The schematic representation of an ISFET is given in Fig.2 , as well as its electronic diagram. The details of such device can be obtained in literature [9] . The threshold voltage of ISFET is given by [9] Neurotransmitter-receptor binding activity is a time dependent phenomenon and therefore number of opening of transmitter gated ion channels will be varying with respect to time. V TH(IS) in equation (5) can, therefore, be modeled as [11] - [12] :
Where k 1 and k 2 are time constants analogous to the rate constants of equation (3), U(t-t m ) is the Heaviside function and V THO is the threshold voltage proportional to the maximum attainable conductance, when all the transmitter-gated channels for specific ions are open.
IV. Modeling Neuron for Excitatory Synapse
The modeling for excitatory synapse is shown in Fig 4. The leakage current I o is considered to be small enough to be neglected. Since only sodium channels are responsible for excitatory action, the postsynaptic membrane is divided into three patches to represent spatial summation of the sodium current controlled by g Na 1 , g Na 2 , and g Na 3 , where
Where g Na = g Na 1 + g Na 2 + g Na 3 and g K is the total Potassium conductance. The membrane potential V m is obtained by spatially and temporally varying g Na of transmitter-gated sodium channels.
The component values assigned in the model for MATLAB simulation are taken from reference [11] and are given in Table 1 . The specifications for three n-channel ISFETs as well as the parameters for exponential function in equation (7), applied to each ISFET inputs are also given in Table 1 . The three gate to source voltages of three ISFETs i.e., V g1 , V g2 and V g3 are kept constants at 1Volt each. The three input parameters of ISFETs namely V TH1 , V TH2 and V TH3 are applied in a staggered sequence at 1.5 msec intervals. This is done to simulate the time variation in neurotransmitter-receptor binding with respect to different patches of postsynaptic membrane in accordance with reference [12] and [13] . 
V. Modeling Neuron for Inhibitory Synapse
The modeling for inhibitory synapse is shown in Fig 5. Considering only Cl -channels to be responsible for inhibitory action, the post synaptic membrane is divided into three patches to represent spatial summation of the Chloride current controlled by g Cl 1 , g Cl 2 and g Cl 3 , where
Where g Cl = g Cl 1 + g Cl 2 + g Cl 3 and g K is the total Potassium conductance.
The membrane potential V m is obtained by spatially and temporally varying g Cl of transmittergated Chlorine channels. Table 1 summarizes the component values assigned in the model for MATLAB simulation for inhibitory action of synapse. The specifications for three p-channel ISFETs as well as the parameters for exponential function in equation (7), applied to each ISFET inputs are also given in Table 1 . The three gate to source voltages of three ISFETs i.e V g1 , V g2 and V g3 are kept constants at 1Volt each. The three input parameters of ISFETs namely V TH1 , V TH2 and V TH3 are applied in a staggered sequence at 1.5 msec intervals. This is done to simulate the time variation in neurotransmitter -receptor binding with respect to different patches of postsynaptic membrane. 
VI. Results
The MATLAB simulation outputs are shown in Fig. 6 . The top waveform represents the normal postsynaptic membrane potential. Here V m is established by spatial summation and temporal integration of the transmitter gated sodium current and non-gated potassium current. Simulation results indicate that when V m exceeds a threshold in the range of -60 to -40mV, an action potential initiates which illustrates an EPSP. The bottom waveform represents the inhibitory action. It illustrates an IPSP with sufficient amplitude for triggering an action potential in negative direction. The simulated EPSP and IPSP are very similar to the experimentally recorded ones i.e., with real excitatory and inhibitory actions of post synaptic membrane. Fig. 7 shows the simulation results of excitatory and inhibitory actions of postsynaptic membrane using MOSFET, the details of which can be obtained in reference [11] . In this work, the variable conductance of ion channel is represented by MOSFET. Unlike ISFET, the threshold voltage, V TH of MOSFET is kept constant and the gate voltage V gs is taken as input parameter. The close similarity between the two results indicates that ISFET can be used as circuit analog to simulate the excitatory and inhibitory postsynaptic potentials. The results obtained from simulation using ISFET are also compared with those reported by previous researchers and are given in Table 2 . (5) and (7).
VII. Conclusion
ISFET based electrical models both for excitatory and inhibitory actions of neurons have been developed. Postsynaptic membrane is divided into three patches to represent spatial summation of gated currents. Temporal integration of the currents is achieved by modeling exponentially varying time dependent threshold voltage of ISFET. The main aim of this work is to show that ISFET can be used as circuit analog to simulate the excitatory and inhibitory postsynaptic potentials with an additional advantage: possibility of measurement of neurotransmitters diffused through the synaptic cleft by converting the ISFET into neurotransmitter sensitive ENFET [14] - [15] This biologically motivated model may become a useful research and teaching unit both in neurology and bioelectronics areas. with the B. 
